Developing autoreactive B cells may edit (change) their specificity by secondary H or L chain gene rearrangement. Recently, using mice hemizygous for a site-directed VDJH and VJ transgene (tg) encoding an autoreactive Ab, we reported ongoing L chain editing not only in bone marrow cells with a pre-B/immature B cell phenotype but also in immature/transitional splenic B cells. Using the same transgenic model, we report here that editing at the H chain locus appears to occur exclusively in bone marrow cells with a pro-B phenotype. H chain editing is shown to involve VH replacement at the tg allele or VH rearrangement at the wild-type (wt) allele when the tg is inactivated by nonproductive VH replacement. VH replacement/rearrangement at the tg/wt alleles was found to entail diverse usage of VH genes. Whereas the development of edited B cells expressing the wt allele was dependent on the 5 component of the surrogate L chain, the development of B cells expressing the tg allele, including those with VH replacement, appeared to be 5 independent. We suggest that the unique CDR3 region of the tg-encoded H chain is responsible for the 5 independence of tg-expressing B cells. VH replacement may occur during early B cell differentiation at H chain alleles with a nonproductive VDJH rearrangement (6, 7, 13). In humans, VH replacement has been estimated to occur in 5% or more of developing B cells based on the recovery of potential VH replacement products (footprints) in analyzed H chain sequences (13). In mice, the relative frequency at which rearranged VH genes may be targeted for replacement has been estimated to be 1-7% based on the recovery of dsDNA breaks at cRSS sites in VH1 and VH5 genes relative to the recovery of breaks at the JH2 RSS (14). Relatively few dsDNA breaks have been reported at the highly conserved cRSS in the 3Ј region of murine VH genes (12, 14) . Nonetheless, VH replacement at this 3Ј-cRSS site has been shown to rescue B cell differentiation in transgenic mice with nonproductively rearranged VH genes at both alleles (VDJH (18), consistent with the observed high frequency of mutation in the replaced VH genes of these mice (19). VH replaced and somatically mutated genes also have been recovered in clonally expanded subpopulations of human tonsillar and synovial B cells (20, 21) , suggesting that VH replacement may have occurred before or during the mutation and expansion of these cell populations. The basis for VH replacement during late B cell differentiation is not clear; it could possibly reflect loss of a functional H chain or expression of a self-reactive H chain. Consistent with the latter possibility is the finding of VH replacement in murine B cells with a site-directed (sd) tg coding for a self-reactive H chain (10).
I
n response to an encounter with self-Ag, autoreactive B cells may undergo secondary L chain gene rearrangement and edit their Ag receptor specificity by expression of a new L chain (1) (2) (3) (4) (5) . B cells may also edit their Ag receptor specificity by a process known as VH replacement, in which case the targeting of a cryptic recombination signal sequence (cRSS) 3 within a rearranged VH gene results in its replacement by an upstream VH gene (6 -12) .
VH replacement may occur during early B cell differentiation at H chain alleles with a nonproductive VDJH rearrangement (6, 7, 13) . In humans, VH replacement has been estimated to occur in 5% or more of developing B cells based on the recovery of potential VH replacement products (footprints) in analyzed H chain sequences (13) . In mice, the relative frequency at which rearranged VH genes may be targeted for replacement has been estimated to be 1-7% based on the recovery of dsDNA breaks at cRSS sites in VH1 and VH5 genes relative to the recovery of breaks at the JH2 RSS (14) . Relatively few dsDNA breaks have been reported at the highly conserved cRSS in the 3Ј region of murine VH genes (12, 14) . Nonetheless, VH replacement at this 3Ј-cRSS site has been shown to rescue B cell differentiation in transgenic mice with nonproductively rearranged VH genes at both alleles (VDJH Ϫ /VDJH Ϫ ; Refs. 15 and 16) . There is evidence that VH replacement also occurs relatively late in B cell differentiation. For example, VH replacement in the transgene (tg) mouse model reported by Cascalho et al. (17) was found to occur not only in bone marrow (BM) but also in spleen (SPL) (18) , consistent with the observed high frequency of mutation in the replaced VH genes of these mice (19) . VH replaced and somatically mutated genes also have been recovered in clonally expanded subpopulations of human tonsillar and synovial B cells (20, 21) , suggesting that VH replacement may have occurred before or during the mutation and expansion of these cell populations. The basis for VH replacement during late B cell differentiation is not clear; it could possibly reflect loss of a functional H chain or expression of a self-reactive H chain. Consistent with the latter possibility is the finding of VH replacement in murine B cells with a site-directed (sd) tg coding for a self-reactive H chain (10) .
VH replacements that are nonproductive may result in VH rearrangement at the second allele. Taki et al. (11) first reported an example of this in mice hemizygous for a sd-tg (VHT15) inserted into the DHQ52-JH region. More than one-half of the B cells in these mice were found to express the H chain allotype of the wildtype (wt) allele instead of that of the tg allele. Sekiguchi et al. (22) reported similar findings in transgenic mice hemizygous for a sd-tg (56R) that codes for a H chain with anti-self (DNA) specificity. The induction of chronic graft-vs-host disease in 56R mice resulted in a relatively high frequency of B cells with VH replacements at the 56R allele or VH rearrangements at the wt allele in cases in which 56R was inactivated. What was left unclear, as discussed previously (22) , is whether VH replacement/rearrangement at the tg/wt alleles occurred during early or late B cell differentiation and whether it reflected incomplete allelic exclusion, loss of a functional H chain or autoimmune receptor editing.
To address the above issues regarding VH replacement/rearrangement at the tg/wt alleles in mice hemizygous for 56R and in mice hemizygous for both 56R and the sd-tg, V8 (23), we asked, "When during B cell differentiation does H chain editing occur?" As reported here, we found VH replacement/rearrangement at the tg/wt alleles to occur in BM cells with a pro-B phenotype. The differentiation of pro-B cells is well known to be dependent on the surrogate L (SL) chain (reviewed in Refs. 24 -26) , and consistent with expectation, the development of H chain-edited B cells expressing the allotype of the wt allele (IgH b ) in 56R and 56RV8 mice was clearly dependent on the presence of the 5 component of the SL chain. In contrast, the development of B cells expressing the tg allotype (IgH a ), including those with a replaced 56R VH gene segment, appeared 5 independent. We suggest the apparent 5 independence of edited and unedited 56R-expressing B cells may reflect a property of the CDR3 region of the 56R H chain, a region that is retained in 56R H chains with a replaced VH region. These and other aspects of H chain editing are discussed and contrasted with previous findings on L chain editing in mice bearing 56R.
Materials and Methods

Mice
H/L chain-tg mice hemizygous for the sd-tgs, 3H9 and V8 (3H9V8 mice) or 3H9 (56R) and V8 (56RV8) mice, were produced by crossing C.B-17 scid/scid mice doubly homozygous for these tgs (e.g., 3H9/3H9, V8/V8, scid/scid mice) with C.B-17 mice (27) . To produce mice hemizygous for the above H chain sd-tgs alone, here simply designated as 3H9 and 56R mice, we crossed C.B-17 scid/scid mice homozygous for 3H9 or 3H9 (56R) with C.B-17 mice. Genotyping of Ig-tg mice was done by PCR as described previously (10, 23, 28) . 56R and 56RVk8 mice lacking the 5 component of the surrogate L chain (56R5 Ϫ/Ϫ and 56RV85 Ϫ/Ϫ mice) were obtained by selective backcrossing of transgenic mice with C.B-175 Ϫ/Ϫ mice provided by Dr. R. R. Hardy (Fox Chase Cancer Center, Philadelphia, PA). Genotyping of mice for 5 was done by PCR using forward (5Ј-CACTCATTCTAGCCTCTAGTCCGTG) and reverse (5Ј-TC CGCCCGGGCATGAAGCTCAGAGTAGGACAGACTC) primers under the following conditions: 5 min at 95°C, followed by 34 cycles (30 s at 94°C, 30 s at 72°C, 1 min at 72°C), and a final 5-min extension at 72°C. For nontransgenic controls, we used C.B-17 or C.B-17 scid/ϩ mice; the scid mutation is recessive and C.B-17 scid/ϩ mice have a wt phenotype (27, 29 Ϫ/Ϫ mice were selectively bred as described earlier (28) . Investigators interested in obtaining mice homozygous for the H and L chain tgs reported here should contact the Mutant Mouse Regional Resource Center (University of North Carolina, Chapel Hill, NC; www.mmrrc.org). All of the mice used in this study, including BALB/c and (C57BL/6 ϫ BALB/c)F 1 mice, were produced in the Laboratory Animal Facility of the Fox Chase Cancer Center. Mice were used between 8 and 15 wk of age according to the protocols approved by the Animal Care and Use Committee of this institution. 32 and 33) were performed with a FACSVantageSE/ Diva flow cytometer. Cells were stained as described previously (32) . The pro-B subsets, B (B220
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were distinguished using FL-anti-CD43 (S7), Alexa 594-anti-CD24/ heat-stable Ag (30F1), allophycocyanin-anti-CD45/B220 (RA3-6B2), biotin-anti-IgM (331.12), and PE-anti-BP-1. Before sorting the pro-B subsets, monocytes, macrophages, granulocytes, dendritic cells, erythroid cells, and T lymphocytes were excluded using reagents specific for the cell surface markers, CD11b [Cy7-allophycocyanin-anti-CD11b/ Mac-1 (M1/70)], GR1 (Cy7-allophycocyanin-GR1), Ly6C (Cy5PE-antiLy6C), Ter 119 (Cy5PE-Ter 11), and CD3 (Cy5PE-500A.A2). Biotinanti-IgM (331.12), FL-anti-CD43 (S7), and allophycocyanin-anti-CD45/B220 (RA3-6B2) were made in this laboratory. All other reagents were gifts from Dr. R. R. Hardy.
Amplification of genomic DNA
Genomic DNA was isolated from SPL or BM cells using a DNeasy Tissue Kit according to the manufacturer's protocol (Qiagen). PCR assays of genomic DNA were conducted in a 25-l volume containing 100 ng of genomic DNA and 0.5 U of platinum Taq DNA polymerase (Invitrogen). To determine whether 56R was intact, PCR was performed with primers specific for genomic sequence 5Ј of the 56R targeting vector (MB 726, 5Ј-GATAACTCAGACACAAGTGAATGACAG) and for the neomycin resistance ( Ϫ/Ϫ mice. VJ rearrangements were amplified using MB 759, a V-specific degenerate primer (38) , and MB 735, a 3Ј J2-specific primer (39) . The conditions were 30 s at 94°C, 30 s at 61°C, and 1 min at 72°C for 26 cycles. To control for the amount of genomic DNA in each PCR reaction, the ␤ 2 -microglobulin (␤ 2 M) gene was amplified for 25 cycles as previously described (32) .
Southern analysis
PCR products were subjected to agarose gel electrophoresis, transferred to nylon membranes by a downward alkaline transfer method and hybridized to random-primed 32 P-labeled DNA probes. In each case, the probe was a gel-purified PCR product: the ␤ 2 M PCR probe was made as described previously (32); the 56R probe was a 1500-bp fragment amplified from plasmid DNA containing the 56R region using primers MB 724 (5Ј-ATC TACATAGCTAGAGAGCTAGAGC) and MB 725; the V gene-specific probes for VHQ52, VH3609, and VHJ558 gene families were 700-bp DNA fragments amplified with primers MB 701 (5Ј-CTAATACGACTCAC TATAGGGC) and MB 671 (5Ј-CATGGCCACCAGATTCTTATCAG) from previously sequenced cDNA clones obtained from 56RV8 hybridomas or spleen cells using the SMART (switching mechanism at the 5Ј end of the RNA transcript) technique, as described in Ref. 32 ; and the J probe for VJ rearrangements was a 1.7-kb fragment from pJ and spans the J region (40) .
SMART cDNA preparation and 5Ј-RACE-anchored PCR amplification
Total RNA from 1 ϫ 10 6 hybridoma cells or 5 ϫ 10 5 sorted IgM b -expressing SPL cells was isolated using an RNeasy minikit (Qiagen). To synthesize full-length cDNA, we used a modified version of the SMART technique (41) with one-tenth of the RNA, as described previously (32). The SMART cDNA was then subjected to 5Ј-RACE RT-PCR to amplify H chain cDNA products using a reverse primer (MB 671) complementary to the constant region of the H chain and a 5Ј Universal primer mix, as described previously (32) . The size of the H chain 5Ј-RACE amplified PCR product was ϳ700 bp.
Cloning and sequencing
PCR-amplified VH replacement products from the 56R allele and H chain SMART PCR products corresponding to the wt allele, as well as PCRamplified VJ rearrangement products, were electrophoresed through 2% NuSieve agarose and excised, and the DNA was recovered using a QIAEX II Gel Extraction Kit as recommended by the manufacturer (Qiagen). Gelpurified VJ products were reamplified for 25 cycles using seminested primers, MB 759, and a 3Ј-Jk1-specific primer (MB 735, 5Ј-TCTCCAGAG AACATGTCTAGC), followed by removal of unused primers using a QIAquick Purification kit as directed by manufacturer (Qiagen). Purified PCR products were cloned using the TOPO TA cloning kit (Invitrogen), and plasmid DNA was isolated using Perfect Prep Plasmid Minikit (Eppendorf). Cycle sequencing was performed with the ABI Prism dye terminator reaction kit and a model 3100 genetic analyzer (Applied Biosystems) using an oligonucleotide primer complementary to the constant region of the H chain (MB 671) for SMART cDNA clones and a universal sequencing primer for clones corresponding to VH replacements and VJ rearrangements. DNA sequences were analyzed using the Ig Basic Local Alignment Research Tool (Ig BLAST; www.ncbi.nlm.nih.gov/BLAST). This program provides the germline VH, DH, and JH genes that show the closest match to the query sequence, with a minimum of five consecutive nucleotides required for DH and JH gene assignments. Individual VH families and members were designated according to the report of Johnston et al. (42) . 
Results
B cells expressing the IgH allotype of the wt allele (IgH b ) in 56RV8 mice
As we noted in a recent paper (32) , H/L chain-tg mice hemizygous for the sd-tgs, 56R and V8 (56RV8 mice), were found to contain splenic B cells expressing the H chain allotype of the endogenous wt allele ( b ) instead of the tg allele ( a ). Approximately 7% of B220 ϩ -gated splenic B cells expressed surface IgM b (sIgM bϩ ) rather than surface IgM a (sIgM aϩ ) as shown in the FACS profiles of Fig. 1 (top row) . Very few H chain-edited sIgM b -expressing cells (Յ0.5%) were seen in the SPL of 3H9V8 mice. Splenic B cells in 56RV8 mice showed much less sIgM a on a per cell basis than the 3H9V8 controls did. Also, as shown previously (28), 56RV8 mice contain ϳ5-fold fewer splenic B cells (ϳ5 ϫ 10 6 ) than nontransgenic controls (ϳ30 ϫ 10 6 ). The cell preparations used for analysis in the top row of Fig.  1 were also analyzed with anti-IgD allotype reagents (see Fig.  1 , middle row). As indicated, ϳ5% of B220 ϩ -gated splenic B cells in 56RV8 mice were positive for surface IgD b (sIgD bϩ ). Similar results were obtained with tg mice containing 56R only ( Fig. 1, bottom row) . The H chains encoded by 3H9 and 56R differ only at position 56 in the VH region; at this position there is an aspartate in 3H9 and an arginine in 56R (4). We conclude that this single amino acid difference must be responsible for the greater frequency of sIgM bϩ sIgD bϩ cells in 56R and 56RV8 than in 3H9 and 3H9V8 mice.
sIgM bϩ B cells show disruption and inactivation of the 56R allele
Silencing of 56R in sIgM bϩ B cells could involve one or two rearrangement events (VH to VDJH or VH to DH to VDJH) as illustrated in Fig. 2C . Although DH elements are normally deleted during VH rearrangement, the VDJH coding segment of 56R is flanked by upstream DH elements (4, 10) . DH invasion into the 3Ј-cRSS region of the 56R VH gene segment would disrupt and inactivate the tg. The tg would also be inactivated by a nonproductive VH replacement of the 56R VH gene segment. DH invasion and/or VH replacement would remove the neo R marker upstream of 56R (56R neo R ). To test for loss of the 56R neo R marker, we used PCR and the appropriate primers ( Fig. 2A) to amplify a portion of the 56R neo R gene in sorted B220 ϩ sIgM bϩ splenic B cells pooled from five donor 56RV8 mice. As a positive control for full retention of the 56R neo R marker, we used DNA from BM of 56RV8 RAG1 Ϫ/Ϫ mice, in which no DH rearrangement or VH replacement is possible. For the negative control, we used DNA from splenic B cells of C.B-17 mice. PCR products were hybridized with a 56R neo R -specific probe. As shown in Fig. 2B , we observed a substantial loss of the 56R neo R marker in sIgM bϩ B cells. Little or no loss of this marker was seen in the sIgM aϩ splenic B cell population of 56RV8 mice, consistent with our earlier findings that Ն80% of IgM a -expressing splenic B cell hybridomas from 56RV8 mice contain an unaltered 56R tg (32) .
We next asked whether loss of the 56R neo R marker in sIgM bϩ cells might be attributed in part to replacement of the 56R VH gene segment with an upstream VH gene. To test for VH replacement, DNA from sorted B220 ϩ sIgM bϩ splenic B cells of 56RV8 mice was PCR amplified using primers ( Fig. 2A ) specific for the DHproximal (3Ј) VHQ52 or DH-distal (5Ј) VH3609 gene families and the CDR3 region of 56R. PCR products were hybridized with specific VH gene family probes. Clear evidence for replacement of the 56R VH region by members of the 3Ј-VHQ52 and 5Ј-VH3609 families in sIgM bϩ splenic B cells is shown in Fig. 2B . VH replacement was also readily evident in the sIgM aϩ splenic B cell population of 56RV8 mice, even though most members in this population retain an unaltered 56R allele (32) . No VH replacement products were recovered from splenic B cells of 56RV8 RAG1 Ϫ/Ϫ and nontransgenic C.B-17 mice, the negative controls. The level of VH replacement in sIgM aϩ splenic B cells from 56RV8 mice was comparable with that in sIgM aϩ splenic B cells from 56RV85 Ϫ/Ϫ mice; this finding is relevant to results presented later.
VH3609 replacement of the 56R VH gene
To examine the structure of VH replacements in sIgM b -expressing B cells of 56RV8 mice, PCR amplified VH3609 replacements of the 56R VH gene illustrated in Fig. 2B were cloned from sorted IgM bϩ splenic B cells and sequenced. As shown in Fig. 3A , the sequences for the CDR3 region of all 21 clones examined showed evidence of 2 rearrangement events, the first being a DH invasion (rearrangement) into the 3Ј-cRSS region of the 56R VH gene followed by a second event in which an upstream VH gene was joined to the rearranged DH element. All but 2 of the 19 rearrangements shown in Fig. 3A contained a stop codon in the VH region (bold letters). Two of the stop codons were located in the H constant region (Fig. 3A, ‫. )ء‬ Two replacement products were in-frame (Fig. 3A,  †) ; the one using VH3609.12.174 contained an unusually long CDR3 that might have excluded SL or L chain pairing and subsequent membrane expression. All of the rearrangements were unique and therefore represented independent events. Most of them contained N additions at the VH-DH and DH-56R junctions; some junctions showed palindromic (P) additions (Fig.  3, underlined nucleotides) . The observed loss of an intact 56R in sIgM bϩ cells (Fig. 2B) , together with our finding that all but two VH3609 replacements recovered from these cells were nonproductive, strongly suggests that disruption and silencing of 56R precede and allow VH rearrangement to occur at the wt allele.
Consistent with expectation, all VH3609 replacement products recovered from sorted sIgM aϩ splenic B cells were in-frame (Fig.  3B) . Fifteen of 17 replacements showed clear evidence of 2 events; i.e., DH rearrangement followed by joining of an upstream VH gene to the rearranged DH element. Direct joining of a VH gene into the 3Ј-cRSS region of the 56R VH gene was seen in two cases (top two sequences in Fig. 3B ). Most of the 17 clones contained N additions, and all but 2 were unique. Our recovery of productive VH3609 replacements from sorted sIgM aϩ splenic cells of 56RV8 mice indicates the presence of an additional subset of H chain-edited B cells distinct from that of sIgM bϩ B cells. This subset can be inferred to represent a minor cell population, given that we previously found most IgM a -expressing splenic hybridomas in 56RV8 mice to contain an unaltered 56R (32) .
sIgM bϩ B cells show VH gene diversity and include cells with a marginal zone phenotype
To test whether rearrangement at the wt H chain allele in 56RV8 mice involved widespread usage of VH genes, we synthesized fulllength cDNA from sorted sIgM bϩ splenic B cells of 56RV8 mice using a modified version of the SMART technique (41) and then -expressing splenic B cells. The top sequence is the original 56R CDR3 region beginning with the first nucleotide after the 3Ј-cRSS; the sequences below are the junctional regions originating from VH3609-DH secondary rearrangements at the 56R VH cryptic heptamer. The bold numbers above the VH3609 sequences correspond to the gene numbers within the family and locus according to the system of Johnston et al. (42) . Designation of DH sequences is based on the identity of at least four nucleotides with a known DH segment. Nucleotide sequences of nontemplated (N) and palindromic (P) nucleotides are indicated at the junctions with P nucleotides underlined. The bold sequence indicates a stop codon. ‫,ء‬ TGA stop codon is in the H chain constant region; ‫,ءء‬ sequences obtained twice; †, an in-frame rearrangement. B, Examples of the VH3609-56R and VH3609-DH-56R joints isolated from sorted IgM a -expressing splenic B cells. The first two sequence joints represent replacement of the 56R VH region by direct secondary rearrangement of VH3609 genes; below are the junctional regions originating from VH3609-DH secondary rearrangements at the 56R VH cryptic heptamer. The sequence format is the same as in A. VH replacement products in A and B were amplified by genomic PCR using a forward primer specific for the VH3609 gene family and a reverse primer complementary to the 56R DJH junction.
amplified the cDNA using 5Ј-anchored PCR (see Materials and Methods). This approach was used to ensure recovery of VDJH rearrangements irrespective of the particular VH gene used. PCR products were digested with SspI, which cuts at a restriction site unique to the CDR3 region of 56R. The majority of products were not cut by this enzyme (results not shown) and therefore corresponded to VDJH rearrangements originating from the wt allele. Cloning and sequencing of these wt allele products showed diverse usage of both 3Ј-and 5Ј-VH genes (Fig. 4A) . Of the 15 known VH families, 11 were represented among the 40 clones sequenced, all of which were unique. VH usage appeared random with VHJ558, the most distal and complex 5Ј-VH family (42, 43) , accounting for 35% of the recovered VH rearrangements. All but 4 of the 40 cloned sequences showed N additions at their VH-DH junction (illustrated for VHJ558 rearrangements in Fig. 4B ). Of particular interest is that 35% (5 of 14) of the VHJ558 rearrangements showed the DH element to be in reading frame (RF) 2 or 3. The relatively high usage of RF2, which for all 40 cloned sequences was 32% (13 of 40), stands in sharp contrast to the 5-10% usage of RF2 in normal B cells (44) . RF2 was also used in three of six IgM b -producing hybridomas (Fig. 4C ) that we recovered earlier from a single 56RV8 mouse (32) .
B cells that produce polyreactive anti-self Abs often show VDJH rearrangements with the DH element in RF2 or RF3 (45) (46) (47) (48) (49) . This association, coupled with the known fact that self-reactive B cells tend to localize in the marginal zone (MZ; Ref. 50 -53) , led us to ask the following: Do 56RV8 mice contain splenic B cells with a MZ phenotype (CD21 high CD23 low ) and, if so, does this cell population include sIgM bϩ B cells? As shown in Fig. 5A , ϳ8% of B220 ϩ splenic lymphocytes in 56RV8 mice displayed a MZ phenotype. The nontransgenic controls, (C57BL/6 ϫ BALB/ c)F 1 mice, showed a comparable percentage of MZ splenic B cells. Few, if any, MZ splenic B cells were detectable in 3H9V8 and 56RV8 SCID control mice. 56RV8 SCID mice cannot receptor edit and develop unedited B cells only (28) . Thus, our results with the two tg controls clearly demonstrate that the development of the MZ splenic B cell population in 56RV8 mice depends on the presence of the 56R tg and the ability of these mice to undergo receptor editing. Fig. 5B shows that splenic B cells with a MZ phenotype included sIgM bϩ B cells (Fig. 5B, bottom 
VH replacement/rearrangement at the tg/wt alleles is initiated during pro-B cell differentiation
The presence of N additions at the VH-DH junctions in VH-replaced tg and rearranged wt alleles of 56RV8 mice suggested that such secondary rearrangement is occurring during pro-B cell differentiation. N additions are catalyzed by the enzyme TdT (31, 56, 57), the expression of which is normally restricted to the pro-B Fig. 6B ). Thymocytes from BALB/c and BALB/cTdT Ϫ/Ϫ mice served as positive and negative controls, respectively. From these results, we conclude H chain editing is occurring during pro-B cell differentiation. In support of this conclusion, VHQ52, VH3609, and VHJ558 replacements/rearrangements were readily detectable at the tg/wt alleles in pro-B cells of 56RV8 mice; they were also readily detectable in pro-B cells of 3H9V8 mice (Fig. 6C) . The occurrence of VH replacement in pro-B cells of 3H9V8 mice is not surprising as VH replacement in B cell hybridomas derived from 3H9-tg mice was reported earlier by Chen et al. (10) . However, despite VH rearrangement on the wt allele at levels similar to that in 56RV8 mice, we found 3H9V8 mice to contain at least 10-fold fewer IgM bϩ splenic B cells than 56RV8 mice did (Fig. 1) . We infer that there must be little or no space or selection for H chain-edited B cells expressing IgM b in 3H9V8 mice. Indeed, 3H9V8 mice have been found to contain normal numbers of splenic B cells and no detectable edited B cells (32, 59) , suggesting that there is no strong selection for either H or L chain-edited B cells in these mice. In contrast, both H and L chain-edited splenic B cells are readily detectable in 56RV8 mice (this paper and Ref. 32). Edited 56RV8 B cells would be expected to have a selective advantage over unedited 56RV8 B cells, because the latter would be subject to deletion due to the strong anti-self (DNA) affinity of the 56R H chain (54, 60) .
Development of IgH b -but not IgH a -expressing B cells appears SL chain dependent
Critical to normal B cell differentiation is the expression of the SL chain. The SL chain is known to serve both as a chaperone for intracellular H chain transport in pro-B cells and as a component Ϫ/Ϫ mice served as a positive and negative controls, respectively (TdT ϩ contrl and TdT Ϫ contrl). Max, maximum. C, VH replacement at the tg allele in 56RV8 and 3H9V8 B lineage cells. PCR was performed with genomic DNA from BM pro-and pre-B cells of 56RV8 and 3H9V8 mice using primers specific for VHQ52 or VH3609 and a primer specific for the CDR3 region of 56R. D, VH rearrangement at the wt allele in 56RV8 and 3H9V8 B lineage cells. PCR performed as in C, but with primers specific for VHQ52, VH3609, or VHJ558 and a 3Ј-JH2-specific primer. Genomic DNA from BM of 56RV8 RAG1 Ϫ/Ϫ mice (RAG1 Ϫ ) served as a negative control. E, ␤ 2 M was amplified by PCR as a control for genomic DNA input.
of the pre-BCR complex responsible for signaling the clonal expansion of late pro-B cells (reviewed in Refs. 24 -26) . As H chain editing at the wt (IgH b ) allele in 56RV8 mice was shown to occur at the pro-B cell stage (Fig. 6 ) and involve diverse usage of VH genes (Fig. 4) , we expected the development of IgH bϩ pro-B cells would show SL chain dependency. Consistent with expectation, we found transgenic mice lacking the 5 component of the SL chain (56R5 Ϫ/Ϫ and 56RV85 Ϫ/Ϫ mice) to be deficient in sIgM bϩ /sIgD bϩ splenic B cells compared with 56R and 56RV8 mice. This is illustrated in Fig. 7A using anti-IgD allotype reagents; the percentage of sIgD bϩ splenic cells was 5-to 10-fold lower in the SPL of 5 Ϫ -than of 5 ϩ -tg mice. The development of sIgD aϩ splenic B cells, including those expressing the Vx editor, was unaffected by the absence of 5 (Fig. 7A) 
cells from wt mice and BM cells from RAG1
Ϫ/Ϫ mice served as positive and negative controls. PCR amplification of ␤2M served as a control for genomic DNA input. comparable with those in 56R mice. In contrast, and consistent with previous findings (61, 62) , nontransgenic wt5 Ϫ/Ϫ mice were deficient in pre-B and B cells compared with the wt controls (Fig.  7B) . We conclude that the development of 56R-expressing B cells does not require the 5 component of the SL chain.
We also tested 56R and 56R5 Ϫ/Ϫ mice for their content of the pro/pre-B cells in subset B (pro-B/pre-BI), C (small pre-BII), and CЈ (large pre-BII; Refs. 34 and 63). These subsets were distinguished according to the method of Hardy et al. (34) 
CD24
Ϫ/low and BP-1 Ϫ CD24 high were designated as subsets B and BЈ, respectively. Impairment in the differentiation of wt pro-B cells lacking 5 was first evident at the subset B to C transition as wt5 Ϫ/Ϫ mice showed a much higher percentage of cells in subset B than wt mice (Fig. 7C) . In both 56R5
Ϫ/Ϫ and 56R mice, subsets B and C were missing. Thus, in 56R5 Ϫ/Ϫ and 56R mice, cells in the BЈ subset appeared to transit directly to the CЈ stage. This anomaly in representation of pro/pre-B subsets was also observed earlier in 3H9-tg SCID mice, which we interpreted to reflect tginduced accelerated B cell differentiation (66) . Additional evidence for accelerated B cell differentiation in 56R and 56R5 Ϫ/Ϫ mice is the increased level of premature VJ rearrangement in the pro-B cell fraction of these mice relative to that in the nontransgenic controls (Fig. 7D) . Premature VJ rearrangement in pro-B cells of wt mice has been reported previously (58, 67, 68) and has been shown to be elevated in developing fetal B cells of H chain-tg mice relative to nontransgenic controls (69) . As expected, most (70%) of the 42 VJ1 rearrangements recovered from the BЈ subset of 56R and 56R5 Ϫ/Ϫ mice were out-of-frame (see supplemental figure), 4 consistent with little or no cellular selection for in-frame rearrangements at the pro-B stage. A high frequency (71%) of out-of-frame rearrangements has also been reported for VJ sequences recovered from wt pro-B cells (70) .
To test whether the 56R H chain is able to associate with the SL chain, pro-B cells of SCID mice homozygous for 56R (56R/56R SCID mice) were stained intracellularly with an Ab (SL-156) specific for H-SL chain complexes (71) . Pro-B cells of wt and 56R/56R mice lacking 5 (56R/56R5 Ϫ/Ϫ ) served as positive and negative controls, respectively. As shown in Fig. 8 , the percentage of SL-156 ϩ pro-B cells in 56R/56R SCID (and 3H9/3H9 SCID) mice was comparable with that in pro-B cells of wt mice. We conclude that the 56R H chain can associate with the SL chain even though such an association appears not to be required for early B cell differentiation in 56R mice. The ability of the 56R H chain to promote B cell differentiation independently of 5 is not without precedent. Cell surface expression of functional H chains in the absence of SL chain has been reported by others (49, (72) (73) (74) (75) . As a group, these previously reported autonomous H chains included a variety of different VH regions, such that most would be expected to have the capacity to associate with the SL chain; however, such association appears not to be required for transport of these H chains to the cell surface.
Undiminished VH replacement in pro-B cells of 56R mice lacking 5
Although the development of B cells expressing the 56R allele (IgH a ) appeared 5 independent, we wondered whether this included the development of H chain-edited B cells with a productive VH replacement. If the early development of such cells were 5 independent, we would expect comparable levels of VH replacement in the pro/pre-B cell populations of 56R5 Ϫ/Ϫ and 56R mice. Conversely, if the development of 56R-expressing B cells with VH replacement were 5 dependent, we would expect a reduced level of VH replacement in pro/pre-B cell populations of 56R5 Ϫ/Ϫ mice compared with that in control 56R pro/pre-B cells. To test which of these possibilities might apply, we compared the relative level of VH replacement in sorted pro-B and pre-B cells from 56R and 56R5 Ϫ/Ϫ mice. As shown in Fig. 9 , A and C, we found replacement of the 56R VH gene segment by members of the 3Ј-VHQ52/VH7183 and 5Ј-VH3609/VHJ558 gene families to be comparable in pro-B and pre-B cells of 56R5 Ϫ/Ϫ (and 56RV85 Ϫ/Ϫ ) mice to that in 56R mice. We also observed comparable levels of VH replacement in sIgM aϩ peripheral (splenic) B cells of 56RV8 and 56RV85 Ϫ/Ϫ mice (Fig. 2B) , indicating that H chain-edited sIgM aϩ B cells exit the BM and reach the SPL with similar efficiency in these mice. We conclude that 5 is not critical for development of H chain-edited and unedited sIgM aϩ B cells. As discussed later, the unique CDR3 region of the 56R gene segment, which is retained in VH-replaced alleles (see Fig. 3 ), may be responsible for the apparent 5 independence of all developing IgH a -expressing B cells in 56R mice.
In contrast to the above, the level of VH rearrangement at the wt allele was less in pro/pre-B cells of 56R5 Ϫ/Ϫ (and 56RV85 Ϫ/Ϫ ) mice than in pro/pre-B cells of 56R mice (Fig.  9B) . We interpret the reduced VH rearrangement in the 56R5 Ϫ/Ϫ pro-B cell population to reflect impaired survival and expansion of H chain-edited pro-B cells with productive VH rearrangements at their wt allele, consistent with the ϳ10-fold fewer sIgD bϩ (and 4 The online version of this article contains supplemental material. Ϫ/Ϫ than 56R mice. We cannot exclude this possibility. However, given that VH replacement occurs with similar frequency in pro-B cells of 56R5 Ϫ/Ϫ and 56R mice, we would expect nonproductive VH replacement at the tg allele and initiation of VH rearrangement at the wt allele also to occur with similar frequency in these mice. Moreover, if initiation of VH rearrangement in general were 5 dependent, we would expect early pro-B cells of wt5 Ϫ/Ϫ mice to show less VH rearrangement than early pro-B cells of wt mice. However, when we tested wt and wt5 Ϫ/Ϫ pro-B cells at the pro/pre-BI stage (corresponding to subset B), the stage at which VH rearrangement is known to be initiated (58, 67, 76 -78) , we observed similar levels of 3Ј-and 5Ј-VH rearrangement in both cases (Fig. 9D ) in agreement with the earlier findings of Ehlich et al. (67) . These investigators also found rearrangement of VH genes to be similar in early pro-B cells with and without 5, although 3Ј-and 5Ј-VH rearrangements were not separately distinguished as in the present study.
Discussion
VH replacement/rearrangement at the tg/wt alleles occurs during pro-B cell differentiation
We have provided evidence that H chain editing, as scored by VH replacement/rearrangement at the tg/wt alleles in mice hemizygous for 56R, occurs during pro-B cell differentiation. The evidence is 2-fold: 1) secondary VH rearrangements at the tg and wt alleles were recovered from sorted 56RV8 BM cells with a pro-B phenotype (Figs. 6C and 9 , B and C); and 2) virtually all such VH rearrangements recovered from H chain-edited B cells contained N additions. TdT is responsible for N additions (31, 56, 57) and was shown to be restricted to the pro-B stage of differentiation in 56RV8 mice (Fig.  6B ). These results suggest that H chain editing in 56RV8 (and 56R) mice occurs before detectable expression of the autoreactive H chain on the cell surface and therefore does not appear to be induced by cell interaction with self-Ag. The occurrence of H chain editing may simply reflect a low frequency of spontaneous DH invasion and VH replacement at the active 56R allele in developing pro-B cells in the BM. When this results in 56R inactivation, VH rearrangement is allowed at the wt allele. Given this scenario, H chain-edited B cells would be relatively rare in the BM. Indeed, as shown in our earlier study (32) , sIgM bϩ edited B cells were not detectable by flow cytometry in the BM of 56RV8 mice. Selective expansion and accumulation of sIgM bϩ -edited B cells in peripheral lymphoid tissues presumably account for our ability to detect these cells in the SPL.
We cannot formally exclude the possibility that expression of the 56R H chain in developing B cells causes some of these cells to down-regulate their sIgM, revert to the pro-B cell stage, and undergo VH replacement/rearrangement at their tg/wt alleles. The idea that developing autoreactive B cells, upon encounter with self-Ag, down-regulate their cell surface expression of Ag receptor and revert to an earlier stage of differentiation has been suggested by Tze et al. (79) . In this scenario, loss of cell surface Ag receptor is postulated to trigger secondary L chain rearrangement (L chain Ϫ/Ϫ and 56RV85 Ϫ/Ϫ mice compared with that in pro-B and pre-B cells of 56R mice. A, VH replacement at the 56R. Genomic DNA was subjected to PCR amplification for VH replacement products using a primer specific for members of the Q52, 3609, or J558 VH gene families and a 56R CDR3-specific primer. The VHJ558 primer (MB 756) used to detect VH replacement does not recognize the 56R VH region. B, VDJH rearrangement at the wt allele. Genomic DNA was subjected to PCR amplification using the same VH gene family-specific primers as in A and a 3Ј-JH2-specific primer. C, Semiquantitative analysis of VH replacement in pro-B cells of 56R and 56R5 Ϫ/Ϫ mice. VH replacements in serially diluted pro-B cell DNA were PCR amplified for 35 cycles in the presence of a constant amount of carrier (liver) DNA from RAG1 Ϫ/Ϫ mice using a primer specific for the VH7183 or VHJ558 (MB 756) gene family together with a 56R CDR3-specific primer. D, Semiquantitative analysis of VH rearrangement in pro-B cells (subset B) of wt and wt 5 Ϫ/Ϫ mice. Serial dilutions of genomic DNA from sorted pro-B cells were subjected to 26 -27 cycles of PCR amplification using a primer specific for the VHQ52 or VHJ558 (MB 649) gene family and a 3Ј-JH2-specific primer. Southern blots of PCR products in A-C were hybridized with probes corresponding to the VH gene family being tested for replacement/rearrangement; in D, blots were hybridized with a JH1-3 probe. Genomic DNA from BM of 56RV8 RAG1 Ϫ/Ϫ (RAG1 Ϫ/Ϫ ) mice served as a negative control for all blots. To control for input genomic DNA, PCR amplification of part of the ␤ 2 M gene was performed for 25 cycles and the Southern blot hybridized with a ␤ 2 M probe. editing). H chain editing, however, does not appear to fit the scenario suggested for L chain editing. If the pro-B cell fraction in 56R and 56RV8 mice were contaminated with many reverted B cells lacking sIgM, we would expect the signature of these cells to be clearly evident; i.e., we would expect to find many functional (in-frame) L chain rearrangements in the pro-B cell fraction. However, the majority of VJ1 rearrangements (70%) recovered from pro-B cells (subset BЈ) of 56R and 56R5 Ϫ/Ϫ mice were out-offrame (see supplemental figure) . A comparable frequency of outof-frame VJ rearrangements (71%) has been reported for wt pro-B cells (70) . Consistent with our evidence for H chain editing at the pro-B cell stage are reports from other groups. Davila et al. (14) reported that pro-B cells from MT mice (80) with a block in pro-B cell differentiation show a frequency of dsDNA breaks at cRSS sites in VH1 and VH5 genes similar to that observed in wt pro-B cells. Because the breaks in MT pro-B cells could not derive from pre-B or immature B cells, there is no evidence to suggest that VH replacement in wt pro-B cells is dependent on prior encounter of pre-B or immature B cells with self-Ag and reversion to the pro-B cell stage. Indeed, in transgenic mice with nonproductive VH rearrangements at both alleles, Ag-independent VH replacement does occur in developing pro-B cells and results in a B cell population that expresses a diverse repertoire of VH regions (15, 16) .
H and L chain editing differences in 56RV8 mice
Based on this and earlier reports (4, 32, 54), two key differences between H and L chain editing in 56RV8 mice with a BALB/c genetic background should be noted. First, L chain editing occurs in immature B cells with down-regulated sIgM (sIgM Ϫ/low ). These cells are found not only in the BM but also in the SPL where they display an immature/transitional phenotype. H chain editing, on the other hand, appears to occur exclusively in the BM during pro-B cell differentiation before expression of detectable cell surface Ag receptor. Although H chain editing appears not to be induced by self-Ag, we presume that Ag-dependent selection plays a major role in the expansion and maintenance of H (and L) chainedited B cells. Second, L chain-edited B cells show very restricted usage of VL genes, given that only a few L chains are able to veto or reduce the anti-DNA-binding affinity of the 56R H chain. In contrast, H chain-edited B cells show diverse usage of VH genes, including 3Ј-VH genes (e.g., VHQ52) and 5Ј-VH genes (e.g., VH3609 and VHJ558).
IgH a -and IgH b -expressing B cells show differential SL chain dependence
Compelling evidence for the differential SL chain dependence of IgH a -and IgH b -expressing B cells was provided by the following observations. Splenic B cells expressing the allotype of the 56R allele (IgH a ) were equally represented in 5 Ϫ -and 5 ϩ -tg mice (Fig. 7A) . Moreover, the representation of pro-B (and pro-B subsets), pre-B, and B cells in the BM of 56R5 Ϫ/Ϫ mice was comparable with that in 56R controls (Fig. 7, B and C) . Thus, the development of 56R-expressing B cells appeared 5 independent. What was not clear, however, is whether this included pro-B cells expressing a 56R-encoded H chain with a replaced VH region. To address this issue, we compared pro-B cells from 56R and 56R5 Ϫ/Ϫ mice for their relative level of VH replacement. If the survival and expansion of H chain-edited pro-B cells with productive VH replacement were dependent on 5, such cells would be underrepresented in the pro-B cell population of 56R5 Ϫ/Ϫ mice, and we would thus expect the pro-B cell population of 56R5 Ϫ/Ϫ mice to show less VH replacement than that of 56R mice. However, no apparent reduction in the level of VH replacement was observed in 56R5 Ϫ/Ϫ or 56RV85 Ϫ/Ϫ mice (Fig. 9, A and C) Ϫ/Ϫ pro-B cells showed less VH rearrangement at their wt allele than 56R pro-B cells (Fig. 9B) . In addition, 56R5
Ϫ/Ϫ and 56RV85
Ϫ/Ϫ mice contained 5-to 10-fold less sIgM bϩ / sIgD bϩ splenic B cells than did 56R and 56RV8 mice, respectively ( Fig. 7 and results not shown) . Our results with 56RV8 and 56RV85 Ϫ/Ϫ mice clearly indicate that V8 is not able to substitute for the role of 5 in the development of edited pro-B cells expressing the wt H chain allele.
Precedent for the promotion of B cell differentiation by H chains in the absence of the SL chain comes from a number of earlier studies. Schuh et al. (74) reported that Sp6-tg mice lacking RAG2 and 5 were able to give rise to pre-B cells; furthermore, induced expression of Sp6 H chain in CD19 ϩ BM cell cultures from these mice resulted in cell proliferation. Galler et al. (72) showed that a variety of H chains could be expressed on the cell surface of cultured CD19
ϩ BM cells in the absence of each or all components of the SL chain (5, VpreB1, and VpreB2) and could mediate down-regulation of TdT and RAG1/2. Transport of H chains to the cell surface in the absence of the SL chain was shown to be dependent on Ig␣. Su et al. (75) also reported Ig␣-dependent expression of polyclonal SL Ϫ pre-BCRs in BM cultures from mice lacking the SLP-65 adapter protein and 5. Incubation of these cells with anti-H Ab resulted in tyrosine phosphorylation and Ca 2ϩ release, indicating that SL Ϫ pre-BCRs are able to transduce signals to the interior of the cell. In humans, ϳ10% of productive VDJH rearrangements have been found to code for H chains that, in the absence of SL chain, can be expressed on the cell surface and be secreted (73) . Transcripts for such autonomous H chains were detectable in pro-B but not pre-B or B cells, suggesting that cells expressing these H chains are negatively selected (73) . Evidence for SL chain-dependent negative selection of pro-B cells expressing autonomous H chains was also recently reported in mice (49) . Finally, there are examples of H chains that support early B cell development despite their inability to efficiently pair with the SL chain; these include H chains with VH regions encoded by VH81X or VH11 (81) (82) (83) (84) (85) .
What allows some H chains to be transported to the cell surface in the absence of the SL chain is not clear. H chains are generally retained in the endoplasmic reticulum in a partially folded state by the chaperone, BiP, before their displacement by the SL chain (86 -88) . Some H chains may fail to be displaced from BiP because the structure of their CDR3 region inhibits or prevents pairing with the SL chain. For example, among four murine H chains containing the same VH gene segment (VH81X) but different CDR3 regions, two were found not to bind SL chain (85, 89) . For other H chains, a particular CDR3 structure may confer SL chain independence, such that these (autonomous) H chains do not require the SL chain for displacement from BiP and transport to the cell surface (26) . In humans and mice, the CDR3 regions of autonomous H chains show a high proportion of positively charged amino acids (arginine and lysine) in their CDR3 region (49, 73). For example, autonomous H chains in pro-B cells of mice lacking both SL and L chains were found to show two or more basic amino acids (arginine and lysine) in their CDR3 region. These H chains also showed a strong preference for DH gene usage in RF2 or RF3 and autoreactivity to nuclear Ags (chromatin, ssDNA, and dsDNA) and cardiolipin (49) .
The disproportionate representation of positively charged amino acids in H chains with autoreactivity to nuclear Ags (e.g., DNA) has long been recognized and extensively studied (Refs. 90 -92 and references therein). In the case of the 56R H chain, the arginine within the CDR3 region at position 96 and two arginines within the CDR2 region at positions 53 and 56 appear critical for the strong autoreactivity and negative selection of immature B cells expressing this H chain (4). Negative selection (deletion) of 56R-expressisng B cells is apparent at the pre-B to B cell transition (60) , although cells may escape deletion by expressing an L chain editor to veto (reduce) the anti-self reactivity of the 56R H chain (4, 32, 55) . However, as indicated in this report, we find no evidence for SL chain-dependent deletion of 56R-expressing cells at the pro-B to pre-B transition, including those with VH replacement. If 56R-expressing cells were to be deleted or negatively selected at the pro-B to pre-B transition, we would have expected to see, for example, fewer pre-B cells in 56R than 56R5 Ϫ/Ϫ mice. However, no differences were evident in the representation of any of the analyzed early B cell subsets in 56R vs 56R5
Ϫ/Ϫ mice. The fact that 56R H chains with VH replacement retain the same CDR3 region as unedited 56R H chains (see Fig. 3 ) leads us to conclude that this region is responsible for the apparent SL chain independence of developing 56R-expressing B cells.
